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osting by E
cense.Abstract The miscibility behaviour of polybenzylmethacrylate (PBMA) blends with polyethylene
oxide (PEO) at different compositions has been studied by inverse gas chromatography (IGC). The
adequacy of two molecule probes (chloroform as solvent and heptane as non-solvent) has been
tested in order to detect the glass-transition temperature, Tg. In all different diagrams of PBMA–
PEO blends, it was observed, a disappearance of Tg at 57 C speciﬁc for pure PBMA, this proves
that these pairs of polymers were miscible. The polymer–polymer interaction parameters have been
calculated in the molten state after the common Tg for the blend; their values being in good agree-
ment with the observed phase behaviour. This observation is in accordance with those obtained by
differential scanning calorimetry (DSC) method. The miscibility also appears highlighted from the
difference of DHd1ð23Þ blend obtained and calculated from the arithmetic average of each polymer.
ª 2009 King Saud University. Open access under CC BY-NC-ND license.1. Introduction
Polymer blends provide a unique class of materials that are
easily obtained by blending two homopolymers. Polymer
blends are often called ‘‘alloys’’ and provide unique properties
that cannot be obtained through a single homopolymer. The
key factor in the characterization of polymer blends is the mis-
cibility. Blends can be completely miscible, partially miscible,ity.
lsevieror immiscible. The poly(ethylene oxide) (PEO) possesses a rel-
atively simple structure and is capable of packing into crystals.
As such, neat PEO and polymer blends involving PEO have
been an interesting subject of many diversiﬁed areas of study,
including crystallization, morphology, and polymer miscibil-
ity. In the past decades, PEO has been found to be miscible
with several polymers. Of all topics those involving miscibility
of PEO with poly(benzylmethacrylate) (PBMA) are the most
notable, and various subjects related to the miscible PEO/
PBMA system have been documented widely. The phase
behaviour of this blend system has been extensively investi-
gated by means of differential scanning calorimeter (DSC),
Fourier Transform Infrared spectroscopy (FTIR) and by scan-
ning electron microscopy (SEM) (Mandal et al., 2000). PEO
contains an ether group in the main chain, whereas PBMA
possesses a carboxyl group in its pendant position. No speciﬁc
interactions such as hydrogen bondings may be expected be-
tween these two polymers.
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strong speciﬁc interactions; PEO is nevertheless capable of
forming a homogeneous mixture with other polymers through
speciﬁc interactions. PEO is known to be miscible with a few
polymers that contain groups capable of forming intermolecu-
lar hydrogen bondings with PEO. Examples include miscible
blends of PEO with phenoxy (Robeson et al., 1981), poly-
(acrylic acid) (Smith et al., 1959), and poly(methylacrylic acid)
(Osada and Sata, 1976).
Inverse gas chromatography (IGC) has been used in order
to determine different magnitudes of pure polymers, solutions
and mixtures (Etxeberria et al., 1992). Among others, glass-
transition temperature (Tg) (Deshhpande et al., 1974) and
the polymer–polymer interaction parameter have been, proba-
bly, the main topic of the IGC studies (Mandal et al., 1989;
Munk et al., 1990; Robard and Patterson, 1977).
Using the Tg detection by IGC, in this work, we would like
to show the ability of this technique to study and conﬁrm the
miscibility of PBMA/PEO blends. According well-known mac-
roscopic criteria, miscible blends have a unique Tg or absence
of the Tg characteristic to each polymer, while immiscible
blends have two or more Tg s. As this point, it is important
to remind a fact that has received much attention in IGC stud-
ies for polymer–polymer blends. As it has been cited above,
IGC has been largely applied to determine the polymer–poly-
mer interaction v23. However, it has been shown that the nat-
ure of the solvent used as a probe has a large inﬂuence in the
obtained v23 value. This inﬂuence has been ascribed to the so-
called Dv effect, related to the non-random partitioning of the
probe (Schreiber et al., 1973; Walsh and McKeown, 1980;
Prolongo et al., 1989; El-Hibri et al., 1988). Most of these last
cited papers have tried to ﬁnd the conditions that a solvent (Su
and Patterson, 1977; Al-Ariﬁ et al., submitted for publication)
should fulﬁl in order to obtain the true v23 value.
2. Experimental
2.1. Chemicals
Polyethylene oxide (PEO) ðMn ¼ 3; 00; 000Þ was provided by
Aldrich and employed without further puriﬁcation. Polybenz-
ylmethacrylate was prepared by Ni(acac)3–MAO catalytic
system at 50 C as described in the literature (Schreiber
et al., 1973) and its viscosimetric molecular weight has been
calculated ðMv ¼ 20; 000Þ.
2.1.1. Procedures and equipment
1. A gas chromatograph (GC-8A, Shimadzu) equipped with a
dual ﬂame ionisation detector (FID) was used in this work.Table 1 Stationary phase and columns description.
Column PBMA (g) PEO (g) PMBA wt%
PBMA 0.1652 0 100
PEO 0 0.1559 0
PBMA–PEO 1/3 0.0381 0.1144 25
PBMA–PEO 1/1 0.0715 0.0715 50
PBMA–PEO 3/1 0.1253 0.0418 75
PBMA–PEO 9/1 0.1294 0.0144 90Chromosorb W was employed as a support (80 mesh, spe-
ciﬁc area of 1 m2/g). Prior to use, it was deactivated by
acidic washing followed by a treatment with dimethyldi-
chlorosilane (DMCS).
2. Impregnation of the solid support: 0.2 g of polymer was
dissolved in 20 mL of chloroform and the solution was
placed into a 250 mL round-bottomed ﬂask. After addition
of 2 g of the support, the slurry was well swirled before
evaporation of the solvent to dryness by means of a rotary
evaporator. Afterwards, the impregnated support was fur-
ther dried under vacuum in a drying-oven at 60 C for
48 h. The dried solid was then sieved before the following
packing.
3. Packed columns were prepared from a 75 cm long and
0.635 cm outer diameter stainless-steel tube. The tubes
were ﬁrst rinsed with acetone, after passing dry nitrogen
gas through them, and dried under vacuum for 7 h a
60 C. Columns were thoroughly ﬁlled with the impreg-
nated solid support. To ensure a homogeneous packing,
the ﬁlling operation was secured with an electric vibrator.
The loading was measured by calcinations (Tompa, 1956)
(1 h at 450 C). Characterisations of the columns used in
this work are given in Table 1. Columns were conditioned
at 110 C under a fast carrier gas ﬂow rate for 12 h prior
to use.
4. Nitrogen was used as the carrier gas. Flow rate (10 mL/
min), was measured with a soap-bubble ﬂowmeter at room
temperature. Three or more injections of an inﬁnitesimal
quantity, using a 1.0 lL Hamilton syringe, were carried
out for each probe. The net retention time was taken as
the difference of the retention times of the probe and the
methane peaks. The required thermodynamic data of sol-
vents and polymers have been taken from the literature
(Mandal et al., 2000; Lavoie and Guillet, 1969).
5. DSC thermograms were performed on Shimadzu DSC 60
device. The heating rate was 20 C/min, and the data were
collected from the second and third scans. Glass-transition
temperatures (Tg s) were taken as the mean value between
the onset and the end point temperatures. Nitrogen atmo-
sphere was used to minimize thermal degradation of the
polymers.
2.1.2. Inverse gas chromatography parameters
The speciﬁc retention volumes ðVogÞ, were calculated from the
expression:
Vog ¼ Dt
F
w
3
2
273:15
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 2
 1
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 3
 1
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Figure 1 Retention diagrams of PBMA, PEO and their blends
using the chloroform as molecule probe.
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Figure 2 Retention diagrams of PBMA, PEO, and their blends
using the heptane as molecule probe.
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the column, Pi and Po the inlet and outlet pressures and F is
the carrier gas ﬂow at room temperature, Tr. The values
obtained for Vog using the above given procedure were found
to agree within 5 · 103 for each measurement.
The solute–polymer interaction parameter v1,i can be calcu-
lated from the Vog value using the following equation:
v1;i ¼ ln
273:15Rvi
Vog;1V1P
0
1
 !
 1 ðB11  V1ÞP
0
1
RT
ð2Þ
where vi is the speciﬁc volume of the polymer i and V
o
g is the
speciﬁc retention volume of the solvent. Vi;P
0
1;R and B11
are, respectively, the molar volume, the vapour pressure, the
gas constant and the second virial coefﬁcient of the solute.
When the stationary phase is a polymer blend, Eq. (2) allows
the determination of the ternary solute (1)–polymer (2)–poly-
mer (3) interaction parameter, v1(23), assuming an additive spe-
ciﬁc volume for the polymer blend, vb = w2v2 + w3v3 where wi
is the weight fraction of polymer i in the blend. On the con-
trary, assuming the Scott–Tompa approximation (Al-Saigh
and Munk, 1984) which describes a ternary system as a simple
balance of the corresponding binary systems; it is possible to
calculate the polymer–polymer interaction parameter, v23 by:
v1ð23Þ ¼ v12/2 þ v13/3  v23
V1/2/3
V2
ð3Þ
where /2 and /3 and are respectively the volume fraction of
polyethylene oxide and polybenzylmathacrylate and V2 the
molar volume of polymethylene oxide at column temperature.
In the framework of the Flory–Huggins theory a reference vol-
ume must be deﬁned in order to calculate the interaction
parameter, thus, the polymer–polymer interaction parameter
related to the solvent volume,
v023 ¼ v23
V1
V2
ð4Þ
However, Al-Saigh andMunk (Faroque and Deshpande, 1992)
have demonstrated that if IGC measurements are carried out in
identical experimental conditions of ﬂow, temperature, inlet
and outlet pressure, the polymer–polymer interaction parame-
ter determination is greatly simpliﬁed. In these conditions, only
the speciﬁc volumes and speciﬁc retention volumes of the pure
polymers and the blends are required to obtain v023 values:
v023 ¼
ln
Vo
g;b
vb
 /2 ln
Vo
g;2
v2
 /3 ln
Vo
g;3
v3
/2/3
ð5Þ
As it has been mentioned above, the polymer–polymer interac-
tion parameter determined by IGC shows a clear dependence
on the solute used as a probe.
The required thermodynamic and physic data of solvents
and polymer has been taken from usual compilations (Mandal
et al., 2000; Lavoie and Guillet, 1969).
3. Results and discussion
3.1. PBMA–PEO system, determination of glass-transition
temperature
Retention diagrams were generated by injecting two probes
(solutes) into the chromatographic columns, chloroform usedas a common solvent and heptane as a common non solvent
for PBMA and PEO and their mixtures in temperature range
of 30–100 C. The conditions of columns preparations are de-
scribed in Table 1. An additional column packed with only the
solid support (0% blend) was used to obtain the contribution
of support to the Vog values as described earlier. Speciﬁc reten-
tion volumes, Vog, for the two solutes were calculated from the
measured chromatographic quantities as described in Eq. (1).
Vog values obtained at various temperatures from 30 to
100 C for 10% load of some PBMA/PEO blends are shown
in Figs. 1 and 2.
The shape of the retention diagram was explained on the
basis that, at the glassy state, the probe only interacts with
230 T. Aouak, A.Saad. Alariﬁthe polymer surface due to the fact that the diffusion into the
polymer is too slow to allow the bulk interaction. At temper-
atures higher than Tg, the retention volume is a measure of
the interaction of the probe with the bulk polymer in liquid
state. Close to the Tg, both factors contribute to the retention
volume, which increases with the solute penetrability. In rela-
tion to the straight-line regions, the negative slope is due to
the increase of vapour pressure with temperature (Braun
et al., 1975; Benabdelghani et al., 2006).
As it has been commented in the literature (Schreiber et al.,
1973; Walsh and McKeown, 1980; Prolongo et al., 1989; El-
Hibri et al., 1988; Lin et al., 2001), the Tg transition region de-
pends on the nature of the probes. Thus, in this work, we have
used one of each type of the probes (solvents and precipitants)
in order to ﬁnd the best molecule probe for the Tg detection in
PBMA.
It was observed in case to the precipitant, the retention dia-
gram shows a curve as expected, in the Tg region, so, the Tg
can be determined without any trouble. However, in case of
solvent, the curve associated to glass transition is not as clear
as for the precipitant. This observation conﬁrms those ob-
tained by the authors cited above for other polymers.
According the results of thermograms DSC in Fig. 3, the
Tgs of the blends for the composition range appeared at tem-
peratures below 32 C, while this temperature limit could not
be applied in this IGC study from 30 to 100 C. The absence
of Tg at 57 C attributed to the pure PBMA in these diagrams
is sufﬁcient to indicate than the PBMA/PEO mixtures are mis-
cible. According to the literature (Mandal et al., 2000), the mis-
cibility of PBMA/PEO blends was also provided by 13C NMR
(Zhikuan and Walsh, 1983) method. On the other hand the
thermograms of the PEO and the blends, do not show transi-Figure 3 DSC thermograms revealing a single the absence of Tg
for PBMA/PEO blends of different compositions.tions due to melting or crystallisation. In fact according to the
literature concerning semi-crystalline polymers (Faroque and
Deshpande, 1992), we do not meet a highlight of these charac-
teristics by inverse gas chromatography.
3.2. Determination of polymer–polymer interaction parameters
The PBMA–PEO interaction parameters were calculated
according to Eq. (6) for all weight fractions and in the temper-
ature range 80–100 C.
Figs. 4a and 4b show low v23 values in excellent agreement
with those obtained at 60 C (melting region) using others
techniques and this is previously reported by the literature
(Mandal et al., 2000; Zhikuan and Walsh, 1983). They show
also the polymer–polymer interaction parameters plotted ver-
sus the weight fraction of PBMA. According to the literature
(Lin et al., 2001), the phase behaviour has been corroborated
by the polymer–polymer interaction parameter, v23, which
takes negative values in the miscible region and positive ones
for immiscible mixtures. It appears from these data the misci-
bility of the blend in all proportions in the amorphous phase of
PEO. Although v23 values for solute–blend systems for the two
molecules probes are slightly negative and increase negatively
with the proportion of PBMA, this conﬁrms the Lin et al.’s re-
sults Zhikuan and Walsh, 1983 who attribute this phenomenon
to the increasing of the crystallinity of the blend in this order.
The results of DSC conﬁrm also that by the absence of Tm at
compositions of PBMA equal or higher than 75 wta 90:10
PBMA/PEO w/w composition of the blend.
Figs. 5a and 5b show the polymer–polymer interaction
parameters v23 as a function of temperature using chloroform
and heptane as solute for the four PBMA/PEO mixtures. It
was shown from the data curves that, the v23 values are weak
and closer to 0.1 or negative in this range of temperature. The
polymer–polymer interaction parameter v23 decreases weakly
and linearly when the temperature increases except for the
blend at PBMA/PEO (90:10) composition. In this last case,-1.4
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Figure 4a The polymer–polymer interaction parameters v23 of
PBMA/PEO blend as a function of the weight percentage of
PBMA in the blend. The chloroform was used as molecule probe.
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Figure 4b The polymer–polymer interaction parameters v23 of
PBMA/PEO blend as a function of the weight percentage of
PBMA in the blend. The heptane was used as molecule probe.
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Figure 5a The polymer–polymer interaction parameters v23 of
PBMA/PEO blend as a function of the temperature. The
chloroform was used as molecule probe.
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Figure 5b The polymer–polymer interaction parameters v23 of
PBMA/PEO blend as a function of the temperature. The heptane
was used as molecule probe.
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two molecule probes. These curves reveal also two distinct
types of mixture: at a composition of PBMA less or equal to
50% in the blend, the v23 values show relatively low interac-
tions (0.1 to 0.2). This could be due to the relatively higher
degree of crystallinity (75–30%) Lin et al., 2001 in this compo-
sitions range. At composition of PBMA in the blend more
than 50%, the v23 values (0.2 to 1.1) indicate that the mix-
tures are characterized by a highly miscible behaviour com-
pared to the ﬁrst case. In this range of compositions the
crystallinity of the blends is low (<6%). In this way, the samephenomenon was also observed by Lin et al using 13C NMR
(Zhikuan and Walsh, 1983), According to these results, this
miscible amorphous phase with PBMA and PEO chains was
mixed at the molecular level. Three phases were detected for
the blends with PBMA component <84%, containing one
miscible homogenous PBMA-rich phase, one constrained
PEO phase and one crystalline PEO phase. In this way, to con-
ﬁrm the observation of those authors, the blends seem to be
composed of an amorphous mixture of PBMA/PEO and crys-
talline PEO spherulite regions. The intra-and inter-lamellar
domains in the PEO spherulites are inﬂuenced and compli-
cated by the surrounding amorphous PBMA/PEO mixture
with varying composition. For blends below 20% PEO, only
one glass-transition temperature and no melting peak was
observed on the DSC thermograms. Fig. 3 shows the miscible
homogenous PBMA-rich phase. The PEO component was
completely miscible with PBMA component at the molecular
level.
In this work, we have also examined, qualitatively, the
phase behaviour of the PBMA–PEO system measured in the
molten state, using the following expression (DiPaola-Baranyi
and Degree, 1981):
Vog;b ¼ w2Vog;2 þ w3Vog;3 ð6Þ
where w2 and w3 are respectively the weight fraction of poly-
mer (2) and polymer (3).
The lnVog versus the blend composition curves are shown in
Fig. 6. A negative deviation of lnVog from the additive ones,
Eq. (6), can be observed. As shown by Dipaoli-Baranyi and
Degree [30], a negative deviation of Vog means that probe has
more difﬁculties to interact with polymers due to their own
interaction, thus, partition coefﬁcient is displaced to gas phase
and this fact is resumed in negative polymer–polymer interac-
tion parameters v23, as can be seen in Fig. 6. However, the
large negative values of v23 for miscible blends reﬂect the exis-
tence of interaction between PBMA and PEO though it is
weak.
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Figure 6 lnVog of PBMA/PEO blend and calculated from the
expression (6) versus the weight percentage of PBMA in the blend.
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Figure 7b The molar heats of dissolution of the heptane in the
pure polymers, their blends and PBMA/PEO calculated from
average arithmetic Eq. (8).
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(chloroform and heptane)
A plot of the logarithm Vog versus the inverse of temperature
beyond Tg can yield the molar heat (enthalpy) of sorption of
solutes absorbed by the amorphous layer of blend DHd1ðiÞ as
in the following equation:
DHd1ðiÞ ¼ R
@ lnVogðiÞ
@ 1
T
 
 !
ð7Þ
Figs. 1 and 2 shows that linear relationships exist between ln
Vog and 1/T for chloroform and heptane. The molar heats of
sorption determined from the slope of these lines, are given-40
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Figure 7a The molar heats of dissolution of the chloroform in
the pure polymers, their blends and PBMA/PEO calculated from
average arithmetic Eq. (8).in Figs. 7a and 7b, which show a comparison between the mo-
lar heat of sorption of the pure polymers and their blends. The
sorption process involves the transfer of the solute molecules
from the vapour phase into the amorphous part of the blend.
This process strongly depended on the blend–solute interac-
tion, v1ð23Þ and polymer (2)–polymer (3) interaction vð23Þ, and
therefore the heat of sorption associated with this process de-
pends on the interaction, too. It is evident from Figs. 7a and 7b
that the experimental DHd1ðBlendÞ divert negatively from those
calculated by average arithmetic between pure PBMA and
PEO according to the following relationship:
DHd1ð2;3Þ ¼ x2DHd1;2 þ x3DHd1;3 ð8Þ
where xi is the molar fraction of polymer (i) in the blend.
In case of chloroform used as a molecule probe the devia-
tion was more pronounced than heptane. This difference could
be explained by the fact that, the solubility of the two polymers
components (Lavoie and Guillet, 1969): PBMA (d=
19.38 (cal/cm3)1/2), PEO (d= 20.2 (cal/cm3)1/2) with chloro-
form (d= 19 (cal/cm3)1/2) leads to a homogeneous solution.
This can be deduced from the solubility parameters of the
three constituents.
On the other hand PBMA/PEO blends did not give a
homogeneous solution with heptane (d= 15.1 (cal/cm3)1/2),
but could make a homogeneous solution without heptane. In
this way, the contribution of the heptane’s absorption in the
blend is minim and therefore DHd1ðBlendÞ for heptane is inferior
to that of chloroform.
4. Conclusion
It can be concluded, from the results obtained in this work that
the IGC method is an adequate technique to study the misci-
bility of polymer blends through the glass-transition tempera-
tures. The miscibility must be approved by absence of the Tg
attributed to one of the blend’s constituents. The phase behav-
iour has been corroborated by the polymer–polymer interac-
Miscibility study of poly(benzylmethacrylate)/poly(ethylene oxide) 233tion parameter, v23 which takes negative values in the miscible
domain. In general none of the solvents show important
changes in the retention diagram in the Tg region.
The results obtained by this technique conﬁrm the miscibil-
ity of the binary blend PBMA/PEO in the composition range
studied. This suggests that interactions between PBMA and
PEO are relatively low and are just barely enough to maintain
a homogeneous polymer mixture away from phase separation.
The effect of crystallinity of the blend on the miscibility
could be also studied by this method. In this study, two distinct
types of mixtures were observed: at a composition of PBMA in
the blend less or equal to 50%, a relatively high crystallinity
was noticed, indicating a weak miscibility; at a composition
of PBMA more than 50%, the blends were characterized by
a low crystallinity, indicating that the mixtures are highly mis-
cible compared to the ﬁrst case.
Some results of the polymer–polymer interaction parameter
localized around the zero or near the positive region show that
the miscibility was on or near the borderline of homogeneity–
heterogeneity.
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